It has recently been shown that in a buckled selfsupported film of ferroelectric BaTiO 3 ͑Fig. 1͒, nanosized grains may reduce the intergrain stress by spontaneously forming zones within which the crystallographic directions of the grains become correlated.
1,2 These zones, termed polycrystalline macrodomains, are similar to elastic domains in crystals but may contain hundreds or thousands of singledomain grains. In the buckled film, the nanosized grains selforganize into two types of macrodomains: ͑1͒ those with the c axes of the grains aligned as close as possible to the direction perpendicular to the film ͑magenta regions in Fig. 1͒ , henceforth "out-of-plane" macrodomains, and ͑2͒ those with the c axes lying within the film plane ͑cyan regions in Fig.  1͒ , henceforth "in-plane" macrodomains. The macrodomains self-assemble into linear ͑no curvature͒ and wedge-ordered ͑arc-shaped͒ regions ͑Fig. 1͒. Linear regions ͑no curvature͒ contain only out-of-plane macrodomains while wedgeordered ͑arc-shaped͒ regions contain alternating triangularshaped in-plane and out-of-plane macrodomains 1 ͑Fig. 1͒. The curvature radius of the wedge-ordered regions is equal to R = D / t, where D is the film thickness and t = c / a − 1 is the "tetragonality." a and c are the crystallographic parameters of BaTiO 3 at a given temperature ͑Fig. 1͒.
Here we report that the pyroelectric coefficient of selfsupported films of BaTiO 3 with polycrystalline macrodomains may be up to two orders of magnitude larger than that of a single BaTiO 3 crystal under similar conditions.
The pyroelectric effect was measured in nanocrystalline ͑30-80 nm͒ self-supported buckled films of BaTiO 3 with D BTO = 750± 100 nm thickness and W = 200-250 m lateral dimensions ͓Figs. 1͑a͒ and 1͑b͔͒, prepared as described in Ref. 1. The relative difference between the size of the film and the window constraining the film, henceforth the excess length u l = ͑L − W͒ / W ͓Fig. 1͑a͔͒, varied from 0% to 8%. The temperature of the tetragonal-to-cubic phase transition for all films was Ͼ130°C, as detected by the complete disappearance of the birefringent regions and by the abrupt change in film shape.
1 For the pyroelectric measurements, continuous bottom contacts and lithographically defined top contacts ͑d Ag =120±20 nm Ag͒ were deposited by sputtering ͓Fig. 1͑a͔͒. The polarization hysteresis loop could not be observed because fast switching of the polarization causes mechanical disintegration of the films.
1 The films were poled by application of ϳ3 V electrical bias for 10-15 h. This value of the electrical bias was deliberately chosen since it is high enough to polarize the out-of-plane macrodomains, but it is not so high as to cause development of cracks and fissures.
1
A steplike periodic irradiation of the films with an infrared semiconductor laser ͓ = 1310 nm, P d = 3 ± 0.2 mW/ mm 2 , absorption coefficient = ͑15±5%͔͒ generates electrical current that only flows in response to switching the laser on and off ͓Fig. 2͑a͒, inset͔. This behavior persists unchanged for Ͼ7 days ͑10 11 cycles͒. The current was measured with a low impedance ͑Ͻ50 ⍀͒ amplifier ͑Fempta, Inc.͒. The phase of the pyroelectric current with respect to the heating/cooling cycle can be inverted by reversing the poling bias ͑supple-mentary material of Ref. 1͒. These facts uniquely identify the pyroelectric origin of the current and prove that the films were in the ferroelectric phase. The time dependence of the response to steplike heating or cooling followed an exponential decay law, I͑t͒ = I 0 exp͑−t / ͒ ͓Fig. 2͑a͔͒, from which the pyroelectric coefficient ␣ was calculated.
3 To measure the pyroelectric effect under conditions of mechanical clamping, the bottom contact of some of the films was covered with a 5-10 m thick layer of pine resin. For this, the pine resin was dissolved in alcohol ͑5% w / v͒ and then applied to the back contact at a rate that permitted complete evaporation of the solvent. The thermal conductivity of the pine resin is ϳ1000 times lower than that of silver; therefore it does not significantly affect the temperature of the film during pyroelectric measurements.
The pyroelectric coefficient of films with excess length 4% ജ u l ജ 2%, measured as a function of temperature, has a clear maximum within the range of 20-80°C ͓Fig. 2͑b͔͒. In the vicinity of this maximum the pyroelectric coefficient reaches ␣ = 0.2-1 C / cm 2 K. This is up to two orders of magnitude higher than that of a single crystal of BaTiO 3 at room temperature ͑␣ cryst,25°C = 0.02 C / cm 2 K͒. At temperatures above the maximum at 20-80°C ͓Fig. 2͑b͔͒ the pyroelectric coefficient decays rapidly but shows another weak maximum at 120-140°C, and above this temperature, vanishes completely ͓Fig. 2͑b͒ inset͔. The presence of the pine resin layer reduces the amplitude of the pyroelectric response in the vicinity of the first maximum by a factor of 20-100 but does not affect the magnitude of the pyroelectric effect in the vicinity of the second maximum. The layer of pine resin does not change the characteristic decay time, 3 which indicates that the time-temperature profile of the samples remains unchanged.
The pyroelectric coefficient of films with u l Ͻ 2% and u l Ͼ 4% was found to be within the range of ͑0.2-0.5͒ ϫ 10 −2 C / cm 2 K and exhibited a single broad maximum at ϳ110°C ͓similar to that shown in the inset of Fig 2͑b͔͒ when measured as a function of temperature. This is typical behavior for nanocrystalline ferroelectric ceramics and thin films of BaTiO 3 .
4, 5 The presence of pine resin does not noticeably modify the pyroelectric behavior of these films.
The enhanced pyroelectric effect observed for films with 4% Ͼ u l Ͼ 2% cannot be explained by any of the known contributions to pyroelectricity. Indeed, primary pyroelectricity, which is the change in spontaneous polarization with temperature in a mechanically unconstrained material in the absence of an electric field, is too weak to account for the magnitude of the pyroelectric current we observe. The secondary pyroelectric effect, which is related to the change in the dielectric constant with temperature, also cannot contribute significantly. This is so because the pyroelectric current was measured with a low impedance amplifier connecting the top and bottom contacts and the maximum potential difference between the contacts could not exceed U r = ͑20 nA͒ ϫ͑50 ⍀͒ =1 V ͑20 nA is the maximum registered peak current͒. Therefore, the contribution to the pyroelectric coefficient that can be induced by the potential difference is ͑U r 0 / D͒͑‫ץ‬ / ‫ץ‬T͒, where 0 is the dielectric permittivity of vacuum and is the dielectric constant of the film. One can see that even for very large values of ‫ץ‬ / ‫ץ‬T, e.g., tens of K −1 , the contribution to the pyroelectric effect is negligibly small, on the order of 10 −6 C / cm 2 K. A stress-induced contribution to the pyroelectric current may arise only from the stress associated with thermal expansion because no external forces act on the self-supported film. The distributions of stress and strain in a film buckled with C 4v symmetry ͓see Fig. 1͑b͔͒ are complex. However, the thermally induced stress in a buckled film is always smaller than that in a flat clamped film of the same dimensions. Therefore, the maximum value for the stress-induced pyroelectric coefficient must be less than that for a flat clamped film: ␣ therm,stress = d 13 E b ⌬␥ fw = 0.012 C / cm 2 K, where E b Ϸ 300 GPa is the biaxial modulus of BaTiO 3 ceramics, d 13 Ϸ 1 Å/ V is the piezoelectric coefficient, 6 and ⌬␥ fw Ϸ 4 ϫ 10 −6 K −1 is the difference between the thermal expansion coefficient of silicon, ␥ Si Ϸ 2.3ϫ 10 −6 K −1 , and that of BaTiO 3 ceramics, ␥ BTO Ϸ͑6 -6.5͒ ϫ 10 −6 K −1 . 7 Although ␣ therm,stress = 0.012 C / cm 2 K is comparable to the primary pyroelectric coefficient of BaTiO 3 ͑␣ cryst,25°C = 0.02 C / cm 2 K͒, it is more than an order of magnitude smaller than our experimentally observed value of ␣ = 0.2-1 C / cm 2 K. The preceding analysis indicates that an additional mechanism must be found in order to explain the enhanced pyroelectric effect in BaTiO 3 films with polycrystalline macrodomains. A qualitative description of such a mechanism is presented here. The tetragonality of BaTiO 3 , and therefore the equilibrium curvature radius of the wedge-ordered regions, depends on temperature. As a result, at different temperatures the films should have different fractions of linear and wedge-ordered regions. Thus, the two regions must transform into each other in response to temperature variations. This transformation is possible only if some of the grains switch polarization from the in-plane to the out-ofplane direction ͑c-a 90°C switching͒ and vice versa. Such switching would result in changes in the total polarization in the out-of-plane direction which are much larger than those observed for either primary or secondary pyroelectricity. In favor of this hypothesis, one can cite the following arguments. ͑1͒ As described above, the presence of pine resin, which clamps the film mechanically, depresses the pyroelectric coefficient in the vicinity of the first maximum ͑at 20-80°C͒ but does not affect the second maximum ͑120-140°C͒. This proves that ͑a͒ the nature of the pyroelectric effect associated with the first maximum is quite different from that associated with the second maximum, and ͑b͒ that the pyroelectric effect in the vicinity of the first maximum is related to a change in the shape of the film, and therefore to 90°polarization switching. ͑2͒ 90°switching has in fact been observed in mechanically constrained Pb͑Ti 1−x Zr x ͒O 3 and is known to be responsible for the "enhanced piezoelectric effect." [8] [9] [10] [11] The authors wish to acknowledge the U.S.-Israel Binational Science Foundation and Israel Science Foundation for funding this research. The authors express their apprecia- 
